Type 2 diabetes is a polygenic disease characterized by defects in both insulin secretion and insulin action. We have previously reported that isolated insulin resistance in muscle by a tissue-specific insulin receptor knockout (MIRKO mouse) is not sufficient to alter glucose homeostasis, whereas ␤-cell-specific insulin receptor knockout (␤IRKO) mice manifest severe progressive glucose intolerance due to loss of glucosestimulated acute-phase insulin release. To explore the interaction between insulin resistance in muscle and altered insulin secretion, we created a double tissuespecific insulin receptor knockout in these tissues. Surprisingly, ␤IRKO-MIRKO mice show an improvement rather than a deterioration of glucose tolerance when compared to ␤IRKO mice. This is due to improved glucose-stimulated acute insulin release and redistribution of substrates with increased glucose uptake in adipose tissue and liver in vivo, without a significant decrease in muscle glucose uptake. Thus, insulin resistance in muscle leads to improved glucose-stimulated first-phase insulin secretion from ␤-cells and shunting of substrates to nonmuscle tissues, collectively leading to improved glucose tolerance. These data suggest that muscle, either via changes in substrate availability or by acting as an endocrine tissue, communicates with and regulates insulin sensitivity in other tissues. Diabetes 49:2126-2134, 2000 T ype 2 diabetes is the most common endocrine disorder characterized by impaired insulin-stimulated glucose uptake in skeletal muscle and adipose tissue, increased hepatic glucose production, and inadequate compensation by the pancreatic ␤-cells, ultimately leading to fasting hyperglycemia (1,2). To clarify the pathogenesis of type 2 diabetes, we and others have disrupted genes for proteins involved in the insulin-signaling cascade in mice, including the insulin receptor (IR) (3,4), insulin receptor substrate (IRS)-1 (5,6) and IRS-2 (7), and the insulin-sensitive glucose transporter GLUT4 (8). This research has provided important insights into the role of each of these proteins in insulin action.
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More recently, we have developed genetic models to assess the contribution of individual insulin-sensitive tissues to glucose homeostasis and to the development of type 2 diabetes using the Cre-loxP-mediated recombination strategy to inactivate the IR gene in a tissue-specific fashion. Although insulin resistance in muscle is an early defect in the pathogenesis of type 2 diabetes, muscle-specific insulin receptor knockout (MIRKO) mice show no alteration in glucose homeostasis, but rather manifest alterations in circulating triglycerides, free fatty acid (FFA) levels, and fat mass (9) . In contrast, the pancreatic ␤-cell insulin receptor knockout (␤IRKO) mice exhibit a selective loss of acute insulin release in response to glucose, resulting in a progressive impairment of glucose tolerance (10) . Because type 2 diabetes is characterized by a combination of insulin resistance in skeletal muscle and impaired insulin secretion from pancreatic ␤-cells, we have generated a double tissue-specific knockout of the insulin receptor in the pancreatic ␤-cell and in skeletal muscle (␤IRKO-MIRKO) to determine if these defects might synergize or alter the phenotype of the individual tissue defects.
RESEARCH DESIGN AND METHODS
Creation of mutant mice and polymerase chain reaction genotyping. Creation of MIRKO mice and ␤IRKO mice (i.e., mice homozygous for the IR lox sites, but carrying either the MCK-Cre or RIP-Cre transgene) has been described previously (9, 10) . The IR(lox/lox) mouse (carrying the IR allele with loxP sites flanking exon 4) was bred with the MCK-Cre transgenic mouse and the RIP-Cre transgenic mouse to generate MIRKO and ␤IRKO mice respectively. To generate the double knockout (␤IRKO-MIRKO) mouse, ␤IRKO mice were bred with MIRKO mice. The resulting F1 generation led to four different genotypes on a similar mixed genetic background: control mice [IR(lox/lox)], MIRKO mice [IR(lox/lox): MCK-Cre (+/-)], ␤IRKO mice [IR(lox/lox: RIP-Cre (+/-)], and ␤IRKO -MIRKO mice [IR(lox/lox): MCK-Cre (+/-): RIP-Cre (+/-)]. To homogenize the genetic background, the F1 generation was used for multiple breedings to obtain the F2 generation. Among breeders, a given male was never bred with the same female twice. No other mouse was introduced in the breeding scheme. All genotyping was performed by polymerase chain reaction (PCR) using genomic DNA from tail biopsies of 3-to 4-week-old mice. The sequence of the 5Ј primer used to identify the presence of the MCK-Cre transgene is AGA TGA CCT TGA ACT GCT GG. The sequence of the 5Ј primer used to identify the presence of the RIPCre transgene is CTC TGG CCA TCT GCT GAT CC. The sequence of the 3Ј primer, designed from the Cre sequence, is common for both: CGC GCC TGA AGA TAT AGA AG.
F. MAUVAIS-JARVIS AND ASSOCIATES
All animals were housed on a 12-h light/dark cycle and were fed a standard rodent chow (Purina Mills). All protocols for animal use were reviewed and approved by the Animal Care Committee of the Joslin Diabetes Center and were in accordance with National Institutes of Health guidelines. Metabolic studies. For glucose tolerance tests (GTTs), glucose stimulation of insulin secretion (GSIS), insulin tolerance tests (ITTs), and random fed blood glucose measurement, blood samples were obtained from mouse tails using heparinized microcapillaries, spun down immediately, and serum was extracted. For GTTs, blood samples were obtained at 0, 15, 30, 60, and 120 min after injection of 2 g/kg dextrose i.p. For GSIS, blood samples were obtained at 0, 2, 5, 15, and 30 min after injection of 3 g/kg dextrose i.p. Blood glucose values were determined from whole venous blood using an automatic glucose monitor (One Touch II, Lifescan). Insulin and leptin levels were measured in serum by enzyme-linked immunosorbent assay (ELISA) using mouse standards (Crystal Chem, Chicago, IL). To assess lipid levels, blood samples were obtained by retro-orbital bleeds from overnight-fasted anesthetized mice. Triglyceride levels were measured in serum by colorimetric assay (Sigma), and FFA levels were determined using the NEFA-kit-U (Amano Enzyme, Osaka, Japan).
Tissue-specific 2-[
3 H]deoxyglucose uptake during the GTT. To determine the fate of glucose during a GTT, we characterized the tissue distribution of glucose uptake using the nonmetabolizable glucose analog tracer 2-[ 3 H]deoxyglucose (2-DG). 2-DG has been widely used as a tracer to determine tissue glucose uptake because it is trapped inside the tissues after phosphorylation in [ 3 H]-deoxyglucose-6-phosphate (2-DG-6-P). 2-DG (Amersham, Arlington Heights, IL) (8-10 µCi/mouse) was mixed with 20% dextrose to obtain a fixed specific activity before intraperitoneal injection (2 g glucose/kg body wt). To determine the plasma [ 3 H]-radioactivity decay and glucose specific activity (GSA), 15-µl blood samples were obtained from the tail at 0, 15, 30, 60, 90, and 120 min, after which the animals were killed by overdose of pentobarbital, and tissues of interest were snap-frozen in liquid nitrogen. Next, 3 µl of plasma was deproteinized in 3.5% ice-cold perchloric acid (200 µl) for 15 min and centrifuged. After neutralization with 1/4 vol of 2.2-mol KHCO 3 , the supernatant was counted for [ 3 H]-radioactivity (Beckman LS 6500, Fullerton, CA) and the glucose concentration was measured microfluorometrically (11) . The GSA (disintegrations per minute per micromole) was calculated by dividing sample radioactivity by glucose concentration. The mean GSA was determined by dividing the GSA area under the curve (AUC) by the duration of the experiment (120 min).
Tissue-specific accumulation of 2-DG-6-P was determined as previously described, with minor modifications (12) . Briefly, 100-500 mg tissue was homogenized in 2 ml distilled water; 1.6 ml of the homogenate was immediately transferred to 1.6 ml of 7% ice-cold perchloric acid. After extraction for 30 min, the samples were centrifuged to remove precipitated proteins, and the supernatant (3 ml) was neutralized by addition of 750 µl of 2.2-mol KHCO 3 for 30 min at room temperature and divided in two aliquots. The first aliquot was counted for total [ 3 H]-radioactivity. The second aliquot was passed through an anion exchange column (Ag-1 X8, Bio-Rad) to trap 2-DG-6-P. The column was eluted with 3 vol distilled water, which was counted for [ 3 H]-radioactivity. Because glucose-6-phosphatase activity is high in liver, we used 2-DG incorporation into glycogen as an index of glucose uptake. Glycogen concentration. Glycogen concentration after KOH hydrolysis was measured microfluorometrically, as previously described (12) . Briefly, dried tissue or glycogen precipitate was dissolved in 1N KOH (15 min, 55°C). After dilution with water (3 vol) the samples were buffered to pH 4.9 with HCl:Naacetate buffer. The samples were then divided to aliquots and incubated with or without amyloglucosidase for 1 h at 37°C. Free and total glucose concentrations were measured microfluorometrically. The glucose derived from glycogen was calculated by dividing total glucose concentration by free glucose. All measurements were normalized for total protein concentration. 2-DG incorporation into glycogen. To assess 2-DG incorporation into glycogen, tissue samples (~50 mg) were crushed with mortar and pestle in liquid nitrogen, and the resulting powder was hydrolyzed in 500 µl 1N KOH for 15 min at 55°C. Once dissolved, the samples were chilled on ice. A 350-µl aliquot was pipetted in 2 vol prechilled 100% ethanol, and precipitation of macromolecules was allowed for 2 h at -20°C and followed by centrifugation (5,000 rpm, 30 min). The pellet was washed three times with 66% ethanol (-20°C). The dried pellet was dissolved in 100 µl of 1N KOH (55°C, 15 min), diluted with 300 µl distilled water, and buffered to pH 4.9 with 2 vol of 1:1 vol 0.25N HCl:0.15N Na-acetate, as previously described (12) . A 1-ml sample was counted for [ 3 H]-radioactivity, and the remainder was measured microfluorometrically for glycogen concentration after amyloglucosidase treatment (12) . The specific activity of glycogen was calculated by dividing the [ 3 H]-radioactivity by the respective glycogen concentration. Tissue glycogen synthesis from 2-DG was calculated by multiplying the glycogen specific activity by tissue glycogen concentration (see below) divided by the mean GSA.
Calculation of tissue-specific glucose uptake. The total of the [ 3 H]-radioactivity found in 2-DG-6-P and glycogen (dpm tot ) was divided by the mean specific activity of glucose during the study (120 min) to obtain the tissue-specific glucose uptake (nanomoles per milligram protein per minute). We performed additional experiments using subcutaneous injection of [ 14 C]deoxyglucose at 45 min in conjunction with the regular intraperitoneal 2-DG at 0 min to validate the use of intraperitoneal tracer administration. Administration of tracers by either approach gave essentially similar data. The ratio of 3 H to 14 C in 2-DG-6-P suggested that most of the 2-DG-6-P was accumulated during the last hour of the GTT. Both ways of administration resulted in a steady plasma specific activity of 2-DG/glucose. Morphological analysis and insulin content of the pancreas. Animals were anesthetized by administering sodium aminobarbital, and pancreata were rapidly removed, cleared of fat and lymph nodes, weighed, and fixed in Bouin's solution for 4-6 h and transferred to 10% buffered formalin for 48 h before being embedded in paraffin. Sections were stained by hematoxylin and eosin. Pancreatic insulin content was measured by radioimmunoassay (Linco, St Louis, MO) using acid ethanol extracts of whole pancreases (10) . Analysis of body composition. Carcass analysis was performed as described (13), with minor modifications. Briefly, animals were weighed, then epididymal fat pads were dissected, weighed, and returned to the carcass. Carcasses were digested by alcoholic KOH hydrolysis at 60°C for 48 h. After saponification, the fat extract was neutralized and lipid content was determined by triglyceride assay (Sigma). Statistical analysis. All statistical analyses were performed using unpaired Student's t test. A P value <0.05 was considered significant. Results are given as means ± SE.
RESULTS
Generation of ␤IRKO-MIRKO mice. ␤IRKO-MIRKO mice were generated by breeding ␤IRKO and MIRKO mice. The resulting study groups contained the four genotypes: control mice (IRlox/lox), MIRKO mice, ␤IRKO mice, and ␤IRKO-MIRKO mice. Both the single and double tissue-specific knockouts were heterozygous for the Cre transgene, as previously reported (9, 10) . We used the IRlox/lox as controls because glucose homeostasis has already been studied in these mice and was shown not to be different from that in their wild-type littermates (9,10). Because we bred F1 ␤IRKO and MIRKO littermates, all F2 mice studied were a homogeneously mixed genetic background. Mice were identified using a PCR strategy as detailed under RESEARCH DESIGN AND METHODS (Fig. 1A) . Control mice, MIRKO mice, ␤IRKO mice, and ␤IRKO-MIRKO mice were born at the expected Mendelian frequency of 25% per genotype and showed similar size at birth and during the first 6-8 weeks of life. At 6 month of age, some ␤IRKO mice showed an 8% increase in body weight compared with controls (P < 0.05) and a 16 and 18% increase in body weight compared with ␤IRKO-MIRKO mice (P < 0.0001) and MIRKO mice (P < 0.0001), respectively (Fig. 1B) . ␤IRKO-MIRKO mice maintain normal fasting glucose and insulin levels. To assess the effects of simultaneous disruption of the IR in pancreatic ␤-cell and skeletal muscle on in vivo glucose metabolism, we measured fasting and randomfed glucose and insulin levels in controls, MIRKO, ␤IRKO, and ␤IRKO-MIRKO mice from 2 to 6 months of age. At 2 months of age, all four groups of mice exhibited comparable fasting and random fed blood glucose and insulin levels (data not shown). However, by 6 months of age, some ␤IRKO mice exhibited hyperglycemia and hyperinsulinemia, both in the fasting and fed states, compared with the other groups, and 18% had developed overt diabetes (defined as a fed glucose >250 mg/dl) (14) ( Fig. 2A-D) . Consistent with our previous findings (9) , there were no significant differences in the fasting and fed blood glucose or insulin levels between MIRKO and control mice. Compared with the ␤IRKO mice, however, the combined double knockout ␤IRKO-MIRKO mice maintained significantly lower glucose (P < 0.05) and insulin levels (P < 0.01), and only 7% of these mice developed overt diabetes ( Fig. 2A-D) . ␤IRKO-MIRKO mice maintain a better glucose tolerance than ␤IRKO mice. Glucose tolerance was assessed in the four genotypes of mice between 2 and 6 months of age by intraperitoneal injection of glucose. Upon glucose challenge, the ␤IRKO mice exhibited an age-dependent progressive impairment of glucose tolerance, as previously described (10) , whereas the MIRKO mice showed a very small increase in blood glucose (9) (Fig. 2E and F) . ␤IRKO-MIRKO mice showed impaired glucose tolerance at both 2 and 6 months compared with control and MIRKO mice (AUC glucose [mg · dl -1 · min -1 · 1,000
] 2 months/6 months: 10.9/13.6, controls; 13/15.9, MIRKO; 17.2/25.1, ␤IRKO; 18.3/20.8, ␤IRKO-MIRKO; P < 0.01, ␤IRKO-MIRKO and ␤IRKO vs. controls and MIRKO at 2 and 6 months). However, consistent with the fasted and fed glucose levels, the hyperglycemia in the ␤IRKO-MIRKO mice during the IPGTT was less dramatic than in the ␤IRKO mice alone (Fig. 2E and F) . During the IPGTT performed at 6 months of age, no significant difference was observed in insulin levels between MIRKO and control mice (Fig. 2G) , whereas some ␤IRKO mice exhibited an approximately twofold increase in insulin levels in both the fasted state and 2 h into the GTT when compared with all other groups of mice (Fig. 2G) . In contrast, double tissue-specific knockout ␤IRKO-MIRKO mice exhibited normal insulin levels in basal and stimulated states (Fig.2G) . Thus, addition of a defect in muscle insulin action in ␤IRKO mice paradoxically improves both glucose tolerance and insulin levels compared with those in ␤IRKO mice, in both fasting and fed conditions and during a glucose challenge. ␤IRKO-MIRKO mice are protected from loss of acutephase insulin release. The loss of acute-phase insulin secretion in response to glucose contributes to glucose intolerance in the ␤IRKO mouse (10). Since ␤IRKO-MIRKO mice showed better glucose tolerance than ␤IRKO mice, we performed a correlation between acute-phase insulin release in response to glucose and glucose response of the corresponding individual mice during a standard IPGTT. In normal mice, we observed a three-to fourfold increase in insulin secretion 2 min after intraperitoneal glucose injection (3 g/kg body wt), corresponding to the peak of first-phase insulin release. This was followed by a 50% decrease at 5 min and then a gradual increase over 30 min, indicating a second-phase response (10) . Under these conditions, ~80% of both control and MIRKO mice exhibited a typical peak of acute insulin release in response to glucose, whereas 20% failed to respond (Fig. 3A-C) . Despite this difference, both responder and nonresponder groups had normal glucose tolerance to the intraperitoneal glucose challenge (compare filled circles and open triangles in Fig. 3D and E) . In contrast to these results, and as previously noted (10), most of the ␤IRKO mice (72%) exhibited a loss of first-phase insulin release (P < 0.001) (Fig. 3A and B) . Surprisingly, this number was reduced to only 46% in the ␤IRKO-MIRKO group (Fig. 3A) . In both of these groups, loss of acute phase insulin release in response to glucose was a strong indicator of impaired glucose tolerance (Fig. 3B, D, and E) . These data indicate that glucose-induced acute insulin release in ␤IRKO-MIRKO mice is significantly better than in ␤IRKO mice (P < 0.01) (Fig. 3E) and correlates with the improved glucose tolerance in these animals. One interpretation of this data is that the insulin resistance in muscle of ␤IRKO-MIRKO mice has a positive influence on glucosestimulated first-phase insulin secretion from ␤-cells, suggesting some form of communication (via either substrates or hormones) between skeletal muscle and pancreatic ␤-cells.
To evaluate whether the differences in islet function are associated with altered islet morphology or capacity to produce and store insulin, we assessed islet size in pancreas sections of mice from all four groups at 6 months of age, using hematoxylin-eosin staining, and determined insulin content in acid ethanol extracts of pancreases. No difference in islet morphology (Fig. 4A ) or in the pancreatic insulin content (Fig. 4B) could be detected between the four different genotypes of mice. It must be noted that ␤IRKO mice in this study are more hyperglycemic than originally reported and develop insulin resistance as they age. Indeed, some of them become obese and the altered islet morphology especially in these obese mice is in keeping with recent reports on a positive correlation between body weight and ␤-cell mass in rodents (15,16) Thus the phenotypic differences in some of the obese ␤IRKO mice may explain the relatively normal pancreas insulin content masking the overall phenotype of the group, as reported earlier (10) . Dynamic study of glucose uptake in vivo: 2-DG uptake and incorporation into glycogen during IPGTT. Glucose tolerance is dependent on multiple parameters, including glucose-induced insulin secretion and glucose uptake in insulin-sensitive tissues. Tissue-specific glucose uptake is usually determined during euglycemic clamp by giving an intravenous 2-DG tracer bolus, followed by determination of 2-DG plasma specific activity curve and measurement of 2-DG-6-P accumulation in the tissues of interest. This is possible because 2-DG is transported and phosphorylated but does not enter glycolysis (17, 18) . Because the input of 2-DG in tissues is reflected by its specific activity measured in the circulation, this technique does not necessarily require intravenous administration of the tracer. Thus, to determine the phenotype of MIRKO and ␤IRKO-MIRKO mice, we explored the fate of glucose under more physiological conditions, such as those of a glucose load. To further validate the intraperitoneal administration of 2-DG, 2-[ 14 C]deoxyglucose was also injected subcutaneously into the mice at 45 min into the GTT.
Both routes of administration resulted in a steady plasma specific activity of 2-DG/glucose during the last hour of the experiment (Fig. 5A) . Furthermore, 2-DG uptake in brain, a non-insulin-sensitive tissue, was identical in mice of all four genotypes (Fig. 5B) , indicating the validity of the tracer as a measure of glucose uptake.
When this technique was applied to the study of glucose uptake in skeletal muscle, neither MIRKO nor ␤IRKO-MIRKO mice showed a significant change in 2-DG uptake compared with that in controls after 2 h, despite loss of insulin action in muscle (Fig. 5C ), suggesting that most glucose entry over the 2-h test occurs via insulin-independent pathways. In ␤IRKO mice, 2-DG glucose uptake was slightly increased, probably reflecting the increased mass effect of glucose in these hyperglycemic animals (Fig. 5C) . Indeed, when 2-DG glucose uptake in muscle was normalized for glucose AUC, no significant difference was detectable in the four groups of mice (data not shown). Despite the similarity in glucose uptake, glycogen content in muscle of MIRKO and ␤IRKO-MIRKO was decreased by 23 and 25% compared with that in both control and ␤IRKO mice (P < 0.05) (Fig. 5D) . Thus, insulin resistance in mus- 
G F E D C A B
cle does not alter glucose uptake during physiological conditions but leads to impaired glucose storage, a characteristic finding in insulin-resistant states, including type 2 diabetes and obesity (19) . In contrast to the lack of change in total glucose uptake in muscle, both MIRKO and ␤IRKO-MIRKO mice showed a significant increase in 2-DG uptake in epididymal fat of 61 and 59%, respectively, compared with controls (P < 0.05, P < 0.001) (Fig. 6A ). There were 35 and 33% increases compared with ␤IRKO mice (P < 0.05). ␤IRKO mice also showed a 21% increase in 2-DG uptake in fat compared with controls (P < 0.05), but this difference was not apparent when 2-DG uptake was normalized for glucose AUC (Fig. 6B) . Most importantly, the higher 2-DG uptake in fat of MIRKO and ␤IRKO-MIRKO mice persisted after normalization for AUC and thus could not be explained by the hyperglycemia during the test (Fig. 6B) .
Liver glycogen synthesis during the GTT, as measured by 2-DG incorporation into glycogen, was increased by 23, 45, and 44%, respectively, in MIRKO, ␤IRKO, and ␤IRKO-MIRKO mice compared with controls (Fig. 6C) , while glycogen content was increased by 20-24% in MIRKO, ␤IRKO, and ␤IRKO-MIRKO mice compared with controls (Fig. 6D) . Thus, during a glucose load, MIRKO and ␤IRKO-MIRKO mice show a significant shift of glucose utilization from muscle to fat and liver. This may explain in part the relatively normal glucose homeostasis of the MIRKO mice and the mild phenotype of the ␤IRKO-MIRKO mice. Disturbances in lipid metabolism. Abnormalities in lipid metabolism can modulate insulin secretion and insulin action (20, 21) . Therefore, we assessed circulating lipid and leptin concentrations in the fasting state and determined body fat composition in the four groups of mice. No significant difference was found in the total cholesterol level among the four groups of mice. Triglyceride levels were increased by 40% in MIRKO mice, as previously described (9), and increased by 55% in the ␤IRKO and ␤IRKO-MIRKO mice (Table 1) . Circulating FFAs also increased by 10-20% in all three groups of knockout mice, with the highest levels in the MIRKO and ␤IRKO-MIRKO mice (Table 1) . Compared with controls, epididymal fat pad weight and total body fat (triglyceride content) were increased by 33-45% in MIRKO, ␤IRKO, and ␤IRKO-MIRKO mice (Table 1) . Leptin concentrations were also modestly increased in MIRKO, ␤IRKO, and ␤IRKO-MIRKO mice, consistent with the increased fat content (Table 1) . 
E D C B A F. MAUVAIS-JARVIS AND ASSOCIATES

DISCUSSION
Type 2 diabetes is a multiorgan disease with alterations in insulin action in muscle, fat, and liver and decreased secretion of insulin from pancreatic ␤-cells. In this study, we have explored the interaction between insulin resistance in skeletal muscle and altered insulin secretion from pancreatic ␤-cells by developing a double tissue-specific insulin receptor knockout mouse. We have previously shown that isolated insulin resistance in muscle of MIRKO mice is insufficient to produce alterations in glucose tolerance, whereas loss of first-phase insulin secretion in ␤IRKO mice results in a marked impaired glucose tolerance (9,10). To our surprise, the ␤IRKO-MIRKO mice exhibit improved glucose homeostasis as well as normal fasting and fed glucose and insulin levels when compared with ␤IRKO mice alone.
Two different mechanisms may help explain these findings. First, in more than half the ␤IRKO-MIRKO mice there is a restoration of first-phase insulin secretion in response to glucose. Loss of first-phase insulin secretion in response to glucose is typical of the early stages of type 2 diabetes (22) (23) (24) and also occurs in the insulin-resistant ␤-cells of the ␤IRKO mouse (10). The molecular mechanism underlying increased ␤-cell responsiveness to glucose in the ␤IRKO-MIRKO mouse is not clear. Changes in pancreatic insulin synthesis do not seem to be the explanation because the morphology of the islets of Langerhans and the pancreas insulin content are the same in obese ␤IRKO and ␤IRKO-MIRKO mice. Stronger potential candidates are modulators of insulin secretion. Chronic exposure of the ␤-cells to elevated levels of FFAs has been shown to impair ␤-cell function and insulin secretion in vivo (20, 25, 26) . However, FFA levels are similar in the three types of tissue-specific knockouts; thus, the differences in insulin secretion between the MIRKO mouse and the ␤IRKO mouse and the relative improvement of glucose sensing in the ␤IRKO-MIRKO mice cannot be accounted for by differences in FFA concentrations. Lactate released by muscle into the circulation might also modulate glucose sensing by ␤-cells (27, 28) ; however, we did not detect any significant difference in lactate concentrations among the different groups of mice (data not shown). Likewise, although glucose toxicity may contribute to an acquired defect in insulin secretion of type 2 diabetic subjects (29, 30) , it is unlikely to be applicable in these mice because acute-phase insulin release studies were performed on 3-month-old mice, when fasted glucose levels between ␤IRKO and ␤IRKO-MIRKO mice are comparable. On the other hand, circulating leptin is increased in ␤IRKO mice, and leptin has been shown to inhibit insulin secretion in vitro and in vivo (31, 32) via leptin receptors present on ␤-cells (33) . Indeed, fasting leptin levels are lower in ␤IRKO-MIRKO mice than in ␤IRKO mice and could possibly contribute to the improvement in glucose sensing in the double knockout. Finally, muscle itself could release a factor that modulates ␤-cell function. The recently characterized ␣-endosulfine, which is expressed by muscle and inhibits K + -sensitive ATP channels in ␤-cells, thereby potentiating glucose-induced insulin secretion, is one such candidate (34) . All experimental animals used in this study were littermates obtained by multiple breeding to produce a mixed genetic background that might more closely represent human type 2 diabetes. The effect of modifier alleles is important in the development of type 2 diabetes and could potentially play a role in these animal models. By their very nature, tissue-specific knockout mice carry genes from at least three different mouse strains (C57 Bl, 129 Sv, and FVB). The role of this mixed genetic background in both pattern of substrate utilization and glucose sensing in ␤IRKO-MIRKO mice is impossible to predict. Thus, it is possible that the generation of ␤IRKO-MIRKO mice on a pure genetic background could either exaggerate the phenotype of ␤IRKO-MIRKO mice compared to ␤IRKO mice alone or attenuate it. Studies to investigate this issue and to identify these modifier genes are currently in progress.
The second mechanism demonstrated in this study that may contribute to protect the ␤IRKO-MIRKO mice from diabetes is a redistribution of substrates to other insulin-sensitive tissues. Glucose uptake in fat is increased by ~60% in MIRKO and ␤IRKO-MIRKO mice compared with controls, without concomitant increases in glucose or insulin concentrations. 
␤IRKO-MIRKO MOUSE
Thus, both MIRKO and ␤IRKO-MIRKO mice show a significant shift of glucose uptake from muscle to fat. During euglycemichyperinsulinemic clamps, MIRKO mice show a threefold increase in glucose utilization in adipose tissue, consistent with a sensitization to insulin (35) . The increased glucose uptake in fat may in part explain the maintenance of euglycemia in MIRKO mice, the protection from development of diabetes in ␤IRKO-MIRKO mice, and the increased adiposity seen in both of these groups. In this way, decreased glucose uptake in muscle may promote glucose uptake and triglyceride storage in adipose tissue, predisposing to obesity. Consequently, increased fat mass may secrete various modulators of insulin sensitivity, such as FFA, leptin, or tumor necrosis factor-␣ (36) , that can lead to additional insulin resistance in liver and fat. This model is consistent with previous studies in the Zucker rat, in which obesity is associated with early insulin resistance in muscle, although insulin sensitivity in white adipose tissue remains normal (37) . The exact mechanism for this communication between muscle and adipocytes remains unclear. In vitro insulin-stimulated glucose uptake in isolated adipocytes from MIRKO and ␤IRKO-MIRKO mice is not significantly different from that in adipocytes from controls (data not shown). Likewise, the expression level of the glucose transporters GLUT1 and GLUT4 in fat is unchanged between the different groups of mice (data not shown). Thus, as in the case of the ␤-cells, the modifications of adipocyte metabolism may depend on a circulating factor that regulates glucose uptake or metabolism in vivo. Liver glycogen synthesis is also increased in all three knockout mice compared with controls. In the ␤IRKO mice, this may be due to hyperglycemia, since hyperglycemia per se is a stimulator of glycogen synthesis and an inhibitor of glycogenolysis (38) . However, the MIRKO and ␤IRKO-MIRKO mice used in this experiment were not hyperglycemic, suggesting that increased liver glycogen synthesis may also reflect a modulatory role of muscle insulin resistance on glucose uptake by other insulin-sensitive tissues.
Using labeled deoxyglucose, we surprisingly observed that glucose uptake in muscle of MIRKO and ␤IRKO-MIRKO mice approximates normal during a glucose load. Thus, it appears that in mice, the majority of glucose uptake occurring in skeletal muscle in the postprandial state is not insulin dependent. This provides a partial explanation as to why MIRKO mice are not overtly insulin resistant or glucose intolerant. Contraction of muscles could be an explanation for this finding because exercise can activate postreceptor insulin signaling and increase glucose transport in muscle from MIRKO mice independently of insulin (39) . It is also possible that glucose uptake in muscle is triggered by insulin-dependent mechanisms acting through another cell type indirectly on muscle fiber (such as NO or cGMP acting on muscle to enhance glucose uptake) (40, 41) . This finding (e.g., maintenance of glucose uptake in MIRKO muscle) appears discordant with previous hyperinsulinemic clamp studies that suggest that insulin-mediated glucose utilization by muscle represents up to 80% of the glucose infused (42) and that insulin resistance in skeletal muscle accounts for the impairment in glucose uptake in type 2 diabetes (43) (44) (45) (46) . Indeed, MIRKO mice show reduced glucose uptake in skeletal muscle during euglycemichyperinsulinemic clamp studies, as shown by Shulman and coworkers (35) . However, one should keep in mind that under the hyperinsulinemic conditions of the clamp, the infused glucose is driven preferentially into muscle and only the insulin-dependent fraction of glucose uptake is explored; therefore, muscle insulin resistance is easily detectable. In MIRKO mice, insulin resistance at steps other than glucose uptake probably accounts for the decrease in muscle glycogen content. Thus, although glucose uptake is largely rate-limiting for glycogen synthesis, defective insulin signaling can lead to decreases in nonoxidative metabolism, such as those seen in type 2 diabetes (19) . Taken together, these finding suggest that the role of insulin action in muscle is more to promote glucose storage than to promote glucose uptake.
In summary, ␤IRKO-MIRKO mice show improved glucose homeostasis compared with ␤IRKO mice. The defect in insulin action in muscle of ␤IRKO-MIRKO mice does not significantly alter the ability of muscle to handle a glucose load, but it protects ␤-cell function and increases uptake of glucose by adipose tissue and liver. These data suggest that 1) defective insulin signaling in muscle can lead to decreased glycogen storage, despite normal glucose uptake; 2) muscle may act as a regulator of glucose uptake/metabolism in other insulin-sensitive tissues and in ␤-cells, possibly by endocrine or metabolic mechanisms; and 3) primary insulin resistance in muscle may lead to increased adiposity and development of obesity. The ␤IRKO-MIRKO mouse provides new insights into the role of skeletal muscle in the regulation of glucose homeostasis and represents an interesting model to investigate the pathogenesis of obesity and type 2 diabetes. Data are means ± SE for n = 3 individual mice in each group. The ␤IRKO group consists of both obese and nonobese mice. *P < 0.05, †P < 0.01 vs. controls.
